A series of ͓FePt͔ 100−x Cr x nanoparticles ͑x = 5, 10, and 16 at. %͒ was chemically synthesized by two different techniques. In one method, the simultaneous chemical reduction of FeCl 2 ·4H 2 O, Pt-acetylacetonate, and Cr-acetylacetonate was used with 2, 4 hexadecanediol as the reducing agent and phenyl ether as the solvent. The as-prepared particles had a mean size of 1.5 nm. In the second method, the simultaneous chemical reduction of Pt-acetylacetonate and Cr-acetylacetonate and the thermal reduction of Fe͑CO͒ 5 were used with adamantanecarboxylic acid as the reducing agent and hexadecylamine as the solvent. These as-prepared particles were 3.5 nm in size. X-ray diffraction confirmed that the Cr formed a solid solution within the A1 FePt phase for both processes. Upon annealing, the Cr hindered sintered grain growth of FePt nanoparticle arrays. Consequently, we were able to use Cr as a means to tune the ordering temperature as a function of the size effect in FePt nanoparticles. The presence of Cr in the ordered FePt reduced the magnetic coercivity of the transformed nanoparticles.
I. INTRODUCTION
As the grain size is reduced for current magnetic storage materials, the magnetization of the domain can become thermally unstable.
1 This instability, referred to as the superparamagnetic limit, poses a significant challenge in achieving terabit storage densities. 2 The use of high magnetocrystalline anisotropy materials for small volumetric grains has been proposed as a means to overcome the superparamagnetic barrier. 3 The L1 0 phase of FePt is a candidate material for next-generation magnetic storage because of its chemical stability and high magnetocrystalline anisotropy 4 ͑ϳ7 ϫ 10 7 ergs/ cc͒. Moreover, self-assembled arrays of nanoparticles are proposed as a means to achieving highdensity aerial packing with sub-10 nm bit sizes.
Since the paper 1 of Sun et al. on the chemical synthesis of FePt nanoparticles, several modified techniques have been reported. [5] [6] [7] [8] In general, the chemical synthesis involves the decomposition of iron pentacarbonyl and the reduction of platinum acetylacetonate or the reduction of both iron and platinum salts in the presence of various surfactants to produce monodisperse nanoparticles with diameters from ϳ2 to ϳ 8 nm depending on the process used. In each of these techniques, the FePt nanoparticles adopt a metastable A1 phase, which is a solid solution of Fe and Pt randomly distributed on a face-centered-cubic ͑fcc͒ lattice. The A1 phase is superparamagnetic requiring a subsequent anneal at temperatures Ͼ ϳ 500°C to chemically order the FePt to the thermodynamically stable L1 0 phase with the desired magnetic properties required for ultrahigh-density storage. [5] [6] [7] 9 At these elevated temperatures, the nanoparticle arrays agglomerate, sinter, and experience grain growth which is detrimental to achieving small bit sizes. 10 Several reports have shown that minor alloying additions to FePt can promote the phase transformation at lower temperatures. [5] [6] [7] [8] 11, 12 A motivation for these studies is that the lower transformation temperature could reduce the degree of sintering observed at elevated temperatures. In some of these reports, the alloy element precipitated out of FePt lattice. 6, 7, 12, 13 It is speculated that this precipitation created excess vacancies that facilitated the diffusion driven ordering transformation. Unfortunately, minor alloy elements can have an undesired effect of either promoting grain growth 8 and/or forming undesirable intermetallics with the Fe and Pt. [13] [14] [15] Ideally, the alloy element of choice should lower the phase transformation while reducing or eliminating grain growth effects. Recent reports have shown that the ordering of FePt is not only temperature and composition dependent but size dependent. 9, 16, 17 In these reports, the FePt grains had to achieve a critical diameter before ordering could occur. This critical size was reported to be between 3 and 4 nm, with Tanase et al. 9 reporting the smallest ordered size as 3.2 nm.
The influence of an alloy element on the size effect of ordering as a function of temperature has not been thoroughly addressed in the literature.
In the present work, we report the synthesis, sintering behavior, and the phase transformation of FePt nanoparticles alloyed with various amounts of Cr. We were motivated by the fact that the Cr has a tendency to migrate to the grain boundaries in nanogranular thin films. 13, 14 The presence of Cr at the grain boundaries can magnetically decouple the grains. Moreover, ͓FePt͔ 100−x Cr x thin films showed that Cr inhibited grain growth 13, 14 but at the expense of forming chromium-based intermetallic phases.
14 Unlike previous nanoparticle alloy additions, the potential precipitation of Cr out of the FePt could promote both a lowering of the ordering temperature and a reduction in sintered grain growth.
II. EXPERIMENTAL PROCEDURE
Several methods have been reported for the chemical decomposition of metal salts into FePt nanoparticles. [5] [6] [7] [8] Harrell et al. 5 and Kang et al. 6, 7 have shown that these procedures are fairly robust in allowing the addition of a third alloy element at various compositions to form within the nucleating nanoparticles. We report the use of two methods to form ͓FePt͔ 100−x Cr x nanoparticles. Each method precipitated out a ͓FePt͔ 100−x Cr x nanoparticle with different assynthesized nanoparticle sizes.
A. Synthesis of FePt and †FePt ‡ 100−x Cr x nanoparticles
Superhydride "SH… procedure
The first procedure used to synthesize the FePt and ͓FePt͔ 100−x Cr x nanoparticles was the reaction of FeCl 2 ·4H 2 O and Pt-acetylacetonate ͓Pt͑acac͒ 2 ͔. Stoichiometric amounts of the Fe and Pt sources were mixed with 2, 4 hexadecanediol ͑520 mg͒ and phenyl ether ͑25 mL͒, which acted as the solvent and heated to 100°C in a three-necked round bottom flask backfilled with nitrogen. The flask was equipped with a magnetic stirrer, a reflux condenser, a thermometer, and a rubber septum. Once 100°C was reached, 0.5 mmol of oleic acid and 0.5 mmol of oleylamine were added and the temperature was maintained for 10 min. After this time, the mixture was raised to 200°C where 2.5 ml superhydride ͑LiBEt 3 H͒ was slowly injected under continuous heating. Once completed, the temperature of the reaction was raised to the solvent boiling temperature of ϳ260°C. After refluxing for 30 min, the mixture was allowed to cool down to the room temperature, yielding a black dispersion solution of FePt nanoparticles with a size of ϳ2 nm. For the ͓FePt͔ 100−x Cr x nanoparticles, chromium acetylacetonate ͓Cr͑acac͒ 3 ͔ was injected in the initial reaction of FeCl 2 ·4H 2 O and Pt͑acac͒ 2 described above with its subsequent reaction steps. By varying the amount of ͓Cr͑acac͒ 3 16 were prepared. The ͓FePt͔ 100−x Cr x nanoparticles were ϳ1.5 nm in size.
High temperature "HT… procedure
To synthesize larger diameter ͓FePt͔ 100−x Cr x nanoparticles in the as-synthesized condition, a high temperature thermal anneal procedure was used. Pt͑acac͒ 2 , ͓Cr͑acac͒ 3 ͔, 1-adamantanecarboxylic acid ͑250 mg͒, and hexadecylamine ͑HDA 8 g͒, which acted as the solvent, were mixed and heated to 100°C in the flask. After the chemicals were completely dissolved in the HDA, the temperature was increased to 160°C where iron pentacarbonyl was injected. The temperature was then rapidly increased to ϳ350°C and refluxed for 3 h. The solution was cooled to room temperature, yielding a black dispersion of nanoparticles. The average composition of the particles prepared by this method was Fe 53 Pt 42 Cr 5 with a size of ϳ3.5 nm.
In each of the synthesis procedures, the nanoparticles were precipitated out of the solution by the addition of ethanol. The particles were isolated by centrifuging and dispersed in a mixture of hexane, octane, oleic acid, and oleylamine.
B. Phase, size, and composition characterization
The nanoparticle dispersion was drop dried as a film onto a silicon substrate with native oxide surface for characterization and annealing studies. The phase and particle size were determined by x-ray diffraction ͑XRD͒ using a Rigaku l-D/MAX-2BX diffractometer operating at 40 kV and 40 mA with Cu K␣ as the radiation source. Each XRD scan had a step size of 0.02°with a scan speed of 0.2°/ min. The particle size was estimated by the Scherrer analysis 18 of the ͕111͖ reflection. The peak was fitted to a Lorentzian with an R 2 value Ͼ99%. The particles were also imaged in a manybeam bright-field condition on a 200 keV field emission FEI Tecnai F20 Supertwin transmission electron microscope ͑TEM͒. Energy dispersive spectroscopy ͑EDS͒ for compositional analysis was conducted at 20 keV on a FEI XL-30 scanning electron microscope ͑SEM͒. A Si background subtraction was performed for all quantitative analyses of the dried nanoparticle films on the Si substrate. Finally, magnetometry studies were performed using a Princeton Micromag 2900 alternating-gradient magnetometer ͑AGM͒ with a saturation field of 18 kOe.
III. RESULTS AND DISCUSSION

A. Sintering and phase transformation
The as-prepared FePt and ͓FePt͔ 100−x Cr x nanoparticles, synthesized by the SH and HT procedures, adopted the metastable A1 phase. In a previous report of the HT procedure for FePt, 19 the FePt was partially chemically ordered to the L1 0 phase in the as-prepared state. We did not observe any chemical ordering for the ͓FePt͔ 100−x Cr x nanoparticles prepared by either method. Moreover, we noted that the Cr alloyed nanoparticles exhibited an XRD grain size of ϳ3.5 nm compared to the FePt XRD grain size of ϳ8 nm prepared by this procedure. This suggests that Cr inhibits the growth of the nucleated ͓FePt͔ 100−x Cr x nanoparticles in the as-prepared state. For all Cr concentrations synthesized by both techniques, no evidence of a precipitation of bcc Cr phase out of the A1 FePt phase was observed in the as-prepared state. This is indicated in Fig. 1͑a͒ by the single A1 ͕111͖ reflection in the XRD scans for the SH-prepared particles. We also did not observe a statistical shift in the ͕111͖ peak with Cr con-tent, as seen in Fig. 1͑b͒ . This suggests that the Cr incorporation into the A1 phase does not produce a significant distortion of the lattice. XRD Scherrer analysis of this XRD reflection indicated that the nanoparticles had a nominal size of Ϸ1.5-2 nm. This Scherrer size estimate has reasonably good agreement with the TEM bright-field images for these particles, as evident in the example image for the SHprepared Fe 44 Pt 46 Cr 10 particles in Fig. 2͑a͒ . Additionally, the histogram plot of Fig. 2͑b͒ taken from the TEM bright-field image of Fig. 2͑a͒ indicates that the particles are reasonably monodisperse.
The SH-prepared nanoparticles were annealed for 30 min at temperatures of 350, 450, 550, and 600°C in a tube furnace under an Ar+ 5% H 2 atmosphere. As the annealing temperature increased up to 600°C, no evidence of Cr precipitation out of the FePt nanoparticles was observed, as shown in the sequence of XRD scans for Fe 44 Pt 46 Cr 10 in Fig.   3 . The onset of A1 to L1 0 ordering for all the SH-prepared ͓FePt͔ 100−x Cr x was observed at 550°C, as evident by the appearance of the ͑001͒ and ͑110͒ superlattice reflections in Fig. 3 . Similar XRD scans and the onset of ordering were observed for the other Cr alloyed SH-prepared ͓FePt͔ 100−x Cr x nanoparticles. Unlike ͓FePt͔ 100−x Au x ͑Refs. 5 and 6͒ and ͓FePt͔ 100−x Ag x nanoparticles 5, 7 where Au and Ag precipitated out of the FePt nanoparticles with a subsequent lowering of the ordering temperature, the Cr addition, similar to ͓FePt͔ 100−x Cu x nanoparticles, 8 does not exhibit this precipitation behavior. Moreover, the ͓FePt͔ 100−x Cr x nanoparticles did not form any undesired Fe-Cr or Pt-Cr intermetallic phases as reported for similar compositions and annealing temperatures of ͓FePt͔ 100−x Cr x thin films. 14 The variation of SH-prepared particle size with Cr content after annealing at 600°C can be seen in Fig. 4 . It is clear that the presence of Cr had a significant influence on hindering the sintered grain growth of the nanoparticle dis- . .
.ij 2. persions. After a 600°C/30 min anneal, the XRD measured particle size for all Cr contents of the SH-prepared nanoparticles remained Ϸ4 -5 nm in comparison to Ϸ8 nm for FePt.
Recall that each as-prepared particle had approximately the same initial size of 2 nm. The onset of the phase transformation for the SHprepared ͓FePt͔ 100−x Cr x nanoparticles was observed at 550°C, which also coincides with an increase in grain size to 4 nm. Several recent reports 9, 16, 17 have indicated that a critical volumetric size must be present to stabilize the A1 to L1 0 ordering transformation. To investigate the size dependency of ordering with Cr content, the HT-prepared Fe 53 Pt 42 Cr 5 nanoparticles were annealed at the same temperatures and times as the SH-prepared nanoparticles. Unlike the SH-prepared particles, the HT-prepared particles were ϳ2ϫ larger than the as-prepared size, i.e., an XRD ͕111͖ Scherrer size of 3.5 nm. This particular as-prepared size is at or above the critical size dimensions reported for stable A1 to L1 0 ordering. 16, 17 The sequential XRD scans for the HT-prepared Fe 53 Pt 42 Cr 5 nanoparticles as prepared and annealed at 350, 450, and 550°C can be seen in Fig. 5 . As noted previously, no evidence of a bcc Cr reflection in the as-synthesized state can be observed. Again, this suggests that a solid solution of Cr into the A1 FePt phase was achieved through this synthesis. For temperatures up to 550°C, Cr does not precipitate out of the lattice but remains in solution for the ͓FePt͔ 100−x Cr x particles. At 450°C the onset of ordering is observed by the appearance of weak ͑001͒ and ͑110͒ superlattice reflections, as seen in the magnified inset images of Fig. 5 . The higher ordering temperature of the SH-prepared particles ͑550°C͒ as compared to FePt ͑500°C͒ could be a result of the size effect and not the Cr addition. The HTprepared nanoparticles were able to order at a lower temperature compared to FePt, which is consistent with the thin film results.
14 As shown in Fig. 6 , the onset of ordering for all studied nanoparticles required a critical dimension near 4 nm to be achieved. It is clear from Fig. 6 that the initial particle size and the rate it grows with sintering are critical to the ordering temperature with respect to the size. Not only does alloy addition influence the ordering temperature but asprepared particle size must also be considered.
B. Magnetometry
A series of magnetic results for the SH-prepared nanoparticles is reported as a function of Cr content. After anneal- ing at 600°C the FePt nanoparticles, with a grain size of Ϸ8 nm, have coercivity ͑H c ͒ of Ϸ5.4 kOe. It was observed that for all compositions of Cr, the H c was lowered with increasing Cr content, as shown in Fig. 7͑a͒ . This is consistent with the results for thin films. 13, 14 Unlike the thin films where the reduction could be contributed to the formation of undesired intermetallic phases, the Cr additions in the nanoparticles remained in solution with the FePt. Examples of typical hysteresis curves for the Fe 44 Pt 46 Cr 10 and Fe 48 Pt 52 nanoparticles annealed at 600°C for 30 min are shown in Figs. 7͑b͒ and 7͑c͒. A series of time dependent coercivity H Cr measurements was made as a function of grain size and Cr content for the ͓FePt͔ 100−x Cr x nanoparticles. The thermal stability factor KV / k B T and the value of the intrinsic coercivity H 0 were determined by fitting the data to the following equation:
where k B is Boltzmann's constant, K is the magnetic anisotropy energy, t is the waiting time for the applied field ͑1 -100 s͒, f 0 ͑ϳ10 9 Hz͒ is the attempted frequency, V is the magnetic switching volume, and T is the temperature. The magnetic switching volume was calculated from the fit value of H 0 and KV / k B T by assuming that
For Fe 44 Pt 46 Cr 10 nanoparticles annealed at 600°C/30 min, a switching diameter of 5.3 nm was obtained ͑assuming spherical shape͒, which is in close agreement with the XRD Scherrer calculated grain size of 4 -5 nm. The Cr addition appears to have magnetically decoupled the sintered particles such that the magnetic domains are approximately the sintered size of individual particles. At room temperature, the thermal stability factor for the ͓FePt͔ 100−x Cr x nanoparticles annealed at 600°C/30 min was less than 40. The intrinsic coercivity is 20-23 kOe, approximately independent of Cr concentration, suggesting that H k Ϸ 40-46 kOe. This is well below the value of H k expected for fully ordered bulk FePt ͑116 kOe͒. 3 The measured value, however, may be limited by the maximum available saturation field of the AGM. Interestingly, the intrinsic coercivity H 0 , in Fig. 7͑a͒ , does not significantly decrease with increasing Cr percentages. A higher annealing temperature may still be required to fully chemically order the nanoparticles and is the subject of future studies.
IV. CONCLUSION
We have reported two methods, a superhydride and a high temperature procedure, for the synthesis of ͓FePt͔ 100−x Cr x nanoparticles with various Cr compositions and as-prepared particle sizes. The addition of Cr hindered the sintering grain growth of the particles for various annealing treatments. The addition of Cr did not precipitate out of the FePt nanoparticles at temperatures up to 550°C nor did the particles form Cr-based intermetallics with Fe and/or Pt, as reported for ͓FePt͔ 100−x Cr x thin films. 13, 14 The phase transformation was lowered below that of unalloyed FePt once a critical size of ϳ4 nm was achieved during sintering. The initial particle size was important in determining the onset of the ordering temperature with size, e.g., the initial 2 nm particles ordered at 550°C whereas the initial 3.5 nm particles ordered at 450°C. The use of Cr has been successfully shown to be able to control the grain size and growth at elevated temperatures. This allows Cr to be a tunable process variable in controlling ordering temperature and ordering size. 
